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doi:10.1016/j.ejvs.2011.02.015Abstract Objective: To demonstrate that abdominal pressure impacts venous flow and pres-
sure characteristics.
Methods: Venous pressure at the femoral vein was measured in 6 non-obese subjects (mean
BMI 22  2 kg/m2) that were exposed to a circumferential cuff placed around the abdominal
trunk and inflated to 20 and 40 mmHg. In a second step non-obese subjects (n Z 10, BMI
21.8  1.8 kg/m2) exposed to this cuff compression were studied for duplexsonographic param-
eters at the femoral vein. Duplexsonographic results were compared to subjects with abdom-
inal obesity (n Z 22, BMI 36.2  5.9 kg/m2) in whom duplexsonographic parameters at the
femoral vein were studied without cuff compression.
Results: Intravenous pressure increased with pressure application in all participants
(p Z 0.0025). Duplex examination of 10 non-obese subjects revealed increasing venous diam-
eter (p < 0.0001) and decreasing venous peak and mean velocity (all p < 0.0001) when cuff
pressure was applied. Duplex parameters with cuff pressure application of 20 and 40 mmHg
respectively, were similar to those in obese subjects that were studied without pressure appli-
cation.
Conclusions: External abdominal pressure application creates venous stasis in lower limbs.
Results of this study indicate that abdominal obesity might induce resistance to venous back-
flow from the lower limbs.
ª 2011 European Society for Vascular Surgery. Published by Elsevier Ltd. All rights reserved.255 2671; fax: þ41 44 255 4510.
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850 T. Willenberg et al.Introduction a 30 cm wide cuff usually used for pulse volume assessmentFigure 1 Test arrangement for duplexsonographic assess-
ment of venous flow characteristics of the lower extremities in
non-obese participants (BMI 20e25 kg/m2). All subjects were
examined in a supine position with 10 degree trunk elevation.
The pressure cuff was placed at the mid abdomen. Assessment
was performed with the cuff deflated and with the cuff inflated
at 20 mmHg and 40 mmHg.Evidence from epidemiological studies suggests that
abdominal obesity is associatedwith an increased prevalence
of chronic venous insufficiency (CVI) and increased risk of
venous thromboembolism (VTE).1e6 Obesity is thought to
predispose to venous stasis, which triggers VTE and CVI.
Central obesity is linked to an increased intraabdominal
pressure.7e9 Arvfidsson et al. showed that the pressure in the
iliofemoral vein in morbidly obese patients is significantly
higher (19.1 cm H2O) as compared to non-obese subjects
(8.5 cm H2O).
8 Likewise, it has been shown that surgical
weight reduction decreases urinary bladder pressure,
a surrogate marker of intraabdominal pressure (IAP).9
Elevated abdominal pressure is transmitted to the retro-
peritoneum and hence to the inferior caval and iliac veins
leading to venous stasis and distensions of the veins of the
lower extremities potentially favoring thrombosis and venous
valve dysfunction. A recentwork by Cavaliere et al. indicated
compressionof the inferior vena cava sectionunder increased
abdominal pressure produced by a tight pelvic stabilizer
around the waist.10 Differences in venous diameter at the
proximal lower limb in healthy volunteers with a body mass
indexunder andover 22.5 kg/m2during standardizedValsalva
maneuver were already shown by Jeanneret et al.11 In an
observational study, we have recently reported significant
differences in venous hemodynamics between obese and
non-obese subjects as assessed by color-coded duplex
sonography (CCDS).12 We now report on the evaluation of
a model for manipulation of abdominal pressure to substan-
tiate pathophysiological evidence to the unfavorable impact
of obesity on lower extremities venous flow characteristics.
Methods
Study design and subjects
Effects of increased intraabdominal pressure (IAP) were
assessed invasively via intravenous pressure measurements
at the level of the femoral vein (n Z 6) and non-invasively
through CCDS (nZ 10) in non-obese subjects (BMI 20e25 kg/
m2). CCDS parameters were compared to subjects with
abdominal obesity. Of note, these obese subjects were
studied in the same standardized manner but without any
external cuff pressure application (nZ 22; BMI> 30 kg/m2).
Subjects with clinical signs of chronic venous insufficiency,
duplexsonographic evidence of venous valve dysfunction or
outflow obstructions; prior limb surgery or sclerotherapy,
history and clinical signs of arterial disease; connective
tissue disorders; leg trauma or any leg edema; clinical signs
of lymphedema, history of chronic obstructive pulmonary
disease, cardiac failure and pregnancy were excluded.
Protocol entailed patient history, clinical examination and
CCDS to exclude venous incompetence or thrombosis. The
ethics committee of Zurich approved the study (Number
1709) and all patients gave written informed consent.
Evaluation of the model
The following model was designed to increase intra-
abdominal pressure (IAP) in healthy non-obese subjects:of the thigh was placed periumbilically in supine position.
Controlled inflation of this cuff was generated with an
Infraton Oscillograph (Infraton Pulsoszillograph 2000;
BOUCKE und CO, Reutlingen, Germany) (Fig. 1). For proof-
of-concept, we evaluated the model in 6 non-obese
subjects with structurally normal heart scheduled for right
heart catheterization for cardiac electrophysiological
study. Venous access was established by puncture of the
right femoral vein and via a 5F sheath. Direct measurement
of venous pressure was performed at the level of the
femoral vein via side-port of the sheath and digitally
recorded (HaemosSphere Version 4.2.1, Schwarzer GmbH
Munich). Intravenous pressure was measured 3 times with
the cuff non-inflated, and with the cuff inflated for 3 times
at both 20 and 40 mmHg, respectively, hold for stabilization
during 3 min before measurements were recorded.Color-coded duplex sonography (CCDS)
CCDS assessments were performed in a tertiary referral
hospital vascular laboratory by experienced vascular
physicians. Measurements were performed in standardized
supine position with upper body elevation of 10. The
inflatable cuff was placed around the abdominal trunk at
the level of the umbilicus and inflated up to 20 and
40 mmHg (Fig. 1). All subjects were asked for inconve-
nience and excluded from the study if they did not feel
comfortable with the study setting. CCDS was performed
using the Accuson Sequioa 512 (Siemens AG, Medical Solu-
tions, Zurich, Switzerland), fitted with an 8 MHz linear scan
head. The technical settings (gain, contrast, rejection)
were optimized after initial evaluation, and then main-
tained constant. Real time gated Doppler superimposed on
B-mode imaging was used in the evaluation of flow. Signals
representing artefacts due to erratic movement or forced
breathing were discarded, and measurements repeated.
Doppler flow velocity tracings representing time-periods of
7 s were stored in memory and processed using automated
wave form-enveloping duplex software. All measurements
were performed with the cuff deflated in obese and non-
obese subjects and with the cuff inflated at 20 and
40 mmHg in non-obese subjects only.
Flow was studied at the femoral vein [FV], 2 cm caudal
to the confluence with the deep femoral vein. Peak
Figure 2 Invasively measured femoral vein pressure
(mean  SD) in 6 patients at the femoral vein with external
abdominal cuff inflated at 0 mmHg, 20 mmHg and 40 mmHg,
respectively.
Intraabdominal Pressure and Venous Hemodynamics 851[PeakV], mean [MeanV] and minimum [MinV] velocities
were obtained. Anterior and posterior vein diameter was
measured by placing the B-mode calipers over the inti-
maleluminal interfaces. Cross-sectional area calculated:
p  Diameter2/4. Its calculation enabled estimation of
venous flow volume [Qvenous Z MeanV  cross-sectional
area]. The velocity amplitude (Vamp) was calculated as the
difference between PeakV  MinV. At least 4 measurements
were performed for each one of the evaluated parameters
and then averaged. Venous wall shear stress (WSS) was
calculated as 8  m  Vmean/diameter, where blood
viscosity (m) was assumed to be constant at
0.035 dyn s1 cm2.13
The reproducibility for estimating flow in smaller veins
such as perforators has been reported.14 Validation and
reproducibility of this automatic method have been
described previously.15
Statistical analysis
Data are expressed as mean and standard deviations or
standard errors as indicated.
Friedman test was used for intragroup analysis and
ManneWhitney-U test for intergroup comparisons between
obese and non-obese subjects using SPSS software (SPSS
Inc, Version 17.0, Chicago, IL). A value of P < 0.05 was
considered to be significant.
Results
Effect of external abdominal cuff compression on
femoral vein pressure
The evaluated model proofed to increase venous pressure
at the level of the femoral vein under external abdominal
cuff inflation. Intravenous pressure of the femoral vein was
measured in 6 non-obese subjects that were referred for
cardiac electrophysiological study (3 male, mean age
30.8  8.7 years, mean body mass index 22  2 kg/mc2).
The reasons for referral for electrophysiological evaluation
were either syncopal spells or symptomatic arrhythmias. All
patients had structural normal hearts and no elevated right
ventricular pressure. Electrocardiogram or electrophysio-
logical evaluation revealed: intermittent atrio-ventricular
blocks in two patients, incomplete right bundle branch
block, supraventricular arrhythmia, idiopathic extrasystole
from the right ventricular outflow tract and vagal brady-
cardia in one patient each.
Invasively measured mean femoral vein pressure with
the cuff deflated, inflated to 20 mmHg and to 40 mmHg was
4.08  3.9 mmHg, 8.5  4.8 mmHg and 13.0  6.2 mmHg
respectively p Z 0.0025 (Fig. 2).
Impact of intraabdominal pressure on venous
diameter and direct duplexsonographic
hemodynamic parameters
Venous diameter and hemodynamics under altering intra-
abdominal pressure using the external abdominal cuff were
assessed in 20 limbs of 10 non-obese subjects and comparedto 44 limbs of 22 obese subjects without pressure applica-
tion. Baseline characteristics are shown in Table 1. All
numerical data of venous diameter and direct duplexso-
nographic parameter are given in Table 2.
Mean venous diameter increased significantly under cuff
inflation to 20 mmHg and 40 mmHg (p < 0.0001, for both)
(Fig. 3).
Mean venous diameter in obese subjects differed from
non-obese people when the cuff was deflated (p Z 0.037).
Difference disappeared with cuff compression to 20 mmHg
in non-obese subjects (p Z 0.43) and venous diameter
appeared to be significantly larger with cuff inflation to
40 mmHg in non-obese when compared to obese subjects
assessed without any cuff compression (pZ 0.011) (Fig. 3).
Venous peak and mean velocities decreased significantly
with the cuff inflated to 20 mmHg and 40 mmHg
(p < 0.0001, for all measurements; Figs. 4 and 5).
Venous peak andmean velocitywere significantly lower in
obese subjects than in non-obese subjects when measured
without cuff compression (p Z 0.007 and p Z 0.0175,
respectively). This significance was abrogated with pressure
application in non-obese as shown in Figs. 4 and 5.Impact of intraabdominal pressure on indirect
hemodynamic parameters
All numerical data of indirect duplexsonographic parameter
are given in Table 2.
In non-obese subjects mean venous volume flow non-
significantly decreased with the cuff inflated to 20 mmHg
and 40 mmHg, respectively (ns; Fig. 6). Venous volume flow
did not differ between obese and non-obese subjects irre-
spective of abdominal cuff pressure application in non-
obese (Fig. 6).
Mean venous velocity amplitude declined significantly
with the cuff inflated to 20 mmHg and 40 mmHg, respec-
tively (p < 0.0001, for both; Fig. 7).
Table 1 Baseline characteristics of control and obese subjects.
Control (n Z 10) Obese (n Z 22) Pa
Weight (kilogramm) 69 (10) 106 (18) <0.0001
Height (meter) 1.77 (0.07) 1.71 (0.11) 0.0426
Body Mass Index (kg/meter2) 21.8 (1.8) 36.2 (5.9) <0.0001
Waist (cm) 83 (10) 123 (11) <0.0001
Hip (cm) 92 (6) 114 (11) <0.0001
Waist-to-Hip Ratio 0.94 (0.07) 1.08 (0.07) <0.0001
All values are mean and standard deviations.
a Mann Whitney-U test.
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compression, the difference was significant with the cuff
deflated in non-obese (p < 0.0001). No significant differ-
ence was seen compared to obese subjects with the cuff
inflated in non-obese to 20 mmHg and 40 mmHg (ns).
Mean venous shear stress decreased significantly with
cuff inflation to 20 mmHg and 40 mmHg (p < 0.007) (Fig. 8).
Compared to obese subjects, shear stress in the femoral
vein was significantly higher with the cuff deflated
(p Z 0.0025). No significant difference was seen between
obese subjects and cuff inflation in non-obese subjects to
20 mmHg and 40 mmHg (ns).Discussion
This studywasdesigned to investigate lower extremity venous
flow and pressure characteristics under manipulation of
intraabdominal pressure (IAP). We recently reported signifi-
cant differences of venous flow characteristics between
obese (BMI > 30 kg/m2) and non-obese (BMI < 25 kg/m2)
subjects.12 Increased intraabdominal pressure in obese
subjects compared tonon-obese subjectswashypothesised to
be the underlying mechanism. The current study was per-
formed to proof this hypothesis.
Invasive intravenous pressure measurement at the level
of the femoral vein showed that the designed model
composed of external cuff inflation at the abdominal trunk
leads to an increased intravenous pressure at the femoral
veins. Proof-of-concept was crucial to validate the applied
model which, to our knowledge, has never been descri-
bed before. The model allows to analyze physiological
effects of abdominal pressure changes on venous flowTable 2 Venous parameters of 20 limbs of controls (Body Mass I
compression of 20 mmHg and 40 mmHg, respectively, and 44 lim
Controls
0 mmHg
Venous diameter, mm 7.3  1.7
Venous peak velocity, cm/s 19.3  4.9
Venous mean velocity, cm/s 4.8  2.2
Venous volume flow, ml/min 120  60
Venous velocity amplitude, cm/sec 24.4  8.3
Venous shear stress, dyn/cm2 1.99  0.22
Values are mean and standard deviation for venous diameter and velcharacteristics and to simulate pathophysiological changes.
External abdominal cuff inflation increased intravenous
pressures to levels that were previously reported for obese
subjects.7e9 Hence, these findings indicate that circum-
ferential abdominal pressure application mimics patho-
physiological effects of abdominal obesity. After invasive
validation of the model, we non-invasively studied venous
hemodynamic patterns under manipulation of IAP assessing
the femoral vein using color-coded duplex sonography. Our
results showed consistent changes of directly and indirectly
determined duplex parameters. Diameter of the femoral
vein increased significantly under cuff inflation through an
elevation of IAP transmitted to the femoral veins. Stasis
and reduced forward flow velocity is the consequence.
Correspondingly, we found a significant decrease of peak
and mean velocities and a non-significantly reduced venous
volume flow during inflation of the cuff. When compared to
obese subjects without external cuff manipulation, the
values of venous diameter, peak and mean velocities as
well as mean venous volume flow were consistently similar
to the ones measured under cuff inflation at 20 mmHg and
40 mmHg in non-obese subjects. Thus, outflow obstruction
caused by elevated IAP e resulting from abdominal obesity
e was simulated by our model with an abdominal cuff
pressure of 20 mmHg.
We found lower amplitude between peak and minimum
venous velocities with increased cuff pressure. This is in
agreement with the greater vein diameter under increased
cuff compression. Minimum venous velocity is usually
slightly negative since venous valves close due to backflow.
Although one might expect higher venous backflow under
raised IAP, our data indicates the opposite. This might be
explained by the fact that through the higher IAP thendex < 25) without compression and with external abdominal
bs of obese subjects (BMI > 30) without compression.
Obese
20 mmHg 40 mmHg 0 mmHg
9.0  1.6 9.9  1.4 8.5  2.2
12.2.  3.7 9.1  4.5 10.8  4.8
3.3  1.4 2.6  1.4 3.8  3.5
103  41 91  31 99.4  54.7
15.0  8.4 12.2  6.9 12.5  9.3
1.21  0.14 0.78  0.11 1.61  0.41
ocities and standard error for venous shear stress.
Figure 3 Diameter of the femoral vein (mean  SD) with the
external cuff inflated at 0 mmHg, 20 mmHg and 40 mmHg,
respectively (gray columns). Mean femoral vein diameter
assessed in the same standardized manner in obese subjects
(BMI > 30 kg/m2) without manipulation of IAP (white column).
Figure 5 Mean values of mean venous blood flow velocities
at the femoral vein with cuff inflated at 0 mmHg, 20 mmHg and
40 mmHg (gray columns). The white column shows the mean
venous low velocity assessed in the same standardized manner
in obese subjects (BMI > 30) without any manipulation of IAP.
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people and hence venous elasticity is decreased. This
potentially results in venous valve dysfunction over time
and may contribute to the higher incidence of venous
insufficiency in obese subjects.16 The significantly lower
venous shear stress under increased cuff inflation supports
that IAP in obese results in venous stasis in the lower
extremities. Lower shear stress was described to promote
the release of factors that increase inflammation and the
formation of reactive free radicals.17 Several studies have
shown a relationship between obesity and the risk of idio-
pathic VTE and pulmonary embolism, independent of other
recognised risk factors with odds ratios of 2.42 in two
separate studies comparing BMI > 30 kg/m2 with
BMI < 25 kg/m2.18e21
Many studies in this field are focused on changes in
coagulation and reported that levels of D-dimer, fibrinogen,Figure 4 Peak venous blood flow velocities ((mean  SD)) at
the level of the femoral vein with external cuff inflated at
0 mmHg, 20 mmHg and 40 mmHg, respectively (gray columns).
The white column shows the mean peak venous blood flow
assessed in the same standardized manner in obese subjects
(BMI > 30) without any manipulation of IAP.factor VIII, and factor IX significantly increased according to
categories of BMI. Interestingly, stasis as one of the three
factors of Virchow’s Triad has not been widely assessed in
human in-vivo studies. There are few invasive human in-
vivo studies that investigated the effect of abdominal
obesity on IAP and intravenous iliac pressure.8,9 These
studies require either a venous access or a bladder cath-
eter. The invasive pressure assessment at the femoral vein
under abdominal cuff compression indicated the proof of
our model without direct or indirect measurement of IAP
and allowed us to assess venous flow characteristics and
diameter by non-invasive color-coded duplex sonography
(CCDS). CCDS has been used to assess arterial and venous
flow conditions. Fronek et al. have used CCDS to investigate
the effect of aging on lower limb venous hemodynamics.22
Delis et al. used CCDS scan in the assessment of venous
hemodynamics of perforators as well as to determine the
effect of posture on deep vein flow patterns.14,15Figure 6 Mean of calculated venous volume flow at the
femoral vein with cuff inflated at 0 mmHg, 20 mmHg and
40 mmHg (gray columns). The white column shows the mean
venous volume flow assessed in the same standardized manner
in obese subjects (BMI > 30) without any manipulation of IAP.
Figure 7 Mean of calculated venous velocity amplitudes in
the femoral vein with cuff inflated at 0 mmHg, 20 mmHg and
40 mmHg (gray columns). The white column shows the mean
venous velocity amplitudes assessed in the same standardized
manner in obese subjects (BMI > 30) without any manipulation
of IAP.
854 T. Willenberg et al.Nevertheless, we studied a rather small series of
subjects, findings are consistent. The model seems to be
able to simulate the pathophysiological effects of abdom-
inal obesity and has proofed the hypothesis that the latter
is associated with lower extremity venous outflow impair-
ment. Our data indicates that an impairment of lower
extremity venous outflow is observed under increased IAP,
but not whether this translates into an increased risk for
venous thromboembolism or chronic venous insufficiency.
This link has recently been reported by larger, event-driven
cohort studies.18,23e25 However, other factors such as
vascular inflammation, ambulatory activity, ankle-joint
function and gait pattern are other factors in addition to
genetic predispositions play a role as well.26
The non-blinded manner of data assessment by CCDS
must be considered as a shortcoming in our study protocol.Figure 8 Mean of calculated venous shear stress in the
femoral vein with cuff inflated at 0 mmHg, 20 mmHg and
40 mmHg (gray columns). The white column shows the mean of
calculated venous shear stress in the femoral vein assessed in
the same standardized manner in obese subjects (BMI > 30)
without any manipulation of IAP.Blinding the observer in our study setting was impossible
and measurements were strictly standardized to overcome
this. This standardization and the applied exclusion criteria
were also needed to minimize the impact of other factors
that might affect venous flow like movements, posture or
respiration pattern.
We found no differences between the right and the left
leg regarding the assessed duplexsonographic hemody-
namic direct and indirect parameters (data not shown). It
has been shown that iliac vein compression is much more
prevalent in women than in men.27 Certainly, it would have
been interesting to provide more precise information about
the venous system of the included subjects in our trial, i.e.
by means of venous pressure measurements, plethysmog-
raphy and abdominal CT scanning. Nevertheless, our data
indicates that a simple, non-invasive assessment by the
means of CCDS is feasible to detect differences in flow
characteristics with respect to obesity, although there was
no matching for age between obese and non-obese. We
cannot exclude this as a possible confounder even if this
does not seem very likely.
In conclusion, our findings support the hypothesis that
elevation of abdominal pressure in obese has a relevant
influence on lower limb venous hemodynamic parameters.
If this may explain the increased risk for chronic venous
insufficiency and venous thromboembolism in obese
subjects remains speculative and should be further
investigated.
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